The microsymbiont population in soybean root nodules (Glycine max L. cv Williams 82 inoculated with Bradyrhizobium japonicum 2143) was characterized during symbiotic development to determine the extent of heterogeneity in this population. The microsymbiont population was isolated by centrifugation through a continuous sucrose gradient (44 to 57% weight to weight ratio) and appeared homogeneous at each age examined up to 26 days after planting based on the symmetrical distribution of the population, enzyme activities, poly-.8-hydroxybutyrate contents, protein contents, and viabilities. Some differences in viability, protein content, and acetylene reduction activity were observed at later ages. The population migrated to progressively lighter buoyant densities with increasing age until a density equivalent to 48% sucrose was reached. The changing density correlated directly with the increasing poly-fi-hydroxybutyrate to protein ratio. The acetylene reduction activity, based on microsymbiont concentration, followed the same developmental pattern as whole nodules. On a protein basis, the decline of acetylene reduction activity was later and reflected the decrease in protein content per cell. These results suggested that the microsymbiont population, which resulted from inoculation of B. japonicum 2143 onto Williams 82 cultivar of soybeans, developed as a homogeneous population.
The symbiosis between soybean and Bradyrhizobium japonicum involves a complex set of interactions between the plant and the bacteria which permit the bacteria to colonize within the infected host cells. During nodule development, both the plant cells and the bacteria undergo morphological alterations. The development of B. japonicum into its symbiotic form(s) cannot be distinguished visually as with other Rhizobium species (12, 18) . However, numerous biochemical changes have been reported during symbiotic development. These include alterations in enzyme levels, DNA content, cytochrome composition and cell wall structure (3, 9, 13, 15, 18, 20) . The most distinctive function of the symbiotic form of Rhizobium is the fixation of atmospheric nitrogen which requires the expression of the nitrogenase proteins plus those enzymes necessary to provide low potential electrons and energy in the form of MgATP.
To determine and define microsymbiont subpopulations of B. japonicum in the nodule, Ching et al. (3) velopment. By using a discontinuous sucrose gradient of 45:50:52:57% sucrose, they separated the microsymbiont population into three forms. The subpopulation at the 45:50% sucrose interface was defined as "mature bacteroids," since it possessed the greatest rates of nitrogenase and hydroxybutyrate dehydrogenase activities and, in addition, had the highest concentrations of Cyt b, c, and P-450. The population at the 52:57% sucrose interface, which contained the highest levels of Cyt a-a3, the greatest Cyt c oxidase activity, and the lowest nitrogenase activity, was designated undifferentiated bacteria. Those at the 50:52% interface, which possessed intermediate levels of enzyme activities and cytochromes, were designated transforming bacteria. Based on this biochemical evidence, these authors concluded that the discontinuous sucrose density procedure was useful for isolating the various symbiotic forms of B. japonicum found within soybean nodules.
Our attempts to isolate distinct subpopulations by these procedures were unsuccessful. The microsymbionts obtained at each density used by Ching et al. (3) were indistinguishable from the population defined as mature bacteroids during the period of development from 12 to 34 DAP. Thus, because of the differences between the results reported here and those of Ching et al. (3) , the term microsymbiont will be used to refer to the B. japonicum endophyte of soybean nodules.
The commercial inoculum used by Ching et al. (3) contained four different strains of B. japonicum (4, 6) . Results from a number of laboratories (5, 10, 16) (8) .
Anaerobic Isolation and Fractionation of Microsymbionts. All manipulations in preparing microsymbionts were performed in a controlled environmental chamber flushed with purified nitrogen. Anaerobic buffers were prepared immediately before use by repeated cycles of degassing by vacuum and resaturation with nitrogen gas that had been passed over BASF catalyst R3-11. Nodules, 5 to 10 g, were disrupted in MEP buffer containing 17% (w/v) sucrose and PVP as described above. The 400g to 8000g microsymbiont pellet was used directly in the acetylene reduction assay as described below or resuspended in 5 to 10 ml MEP buffer containing 17% (w/v) sucrose and layered onto a continuous sucrose gradient (14 ml each of 44% and 56% (w/w) sucrose in MEP, overlaid with a 4 ml layer of 44% (w/w) sucrose in MEP buffer and 2 ml of sample). The gradient tubes were centrifuged in a SW-28 rotor at 100,000g for 18 h at 5°C in a Beckman L8-55 ultracentrifuge. After puncturing the bottom of the ultracentrifuge tubes, microsymbiont fractions of 1.5 ml were collected into 3-ml disposable, graduated syringes. Between (Figs. 1 and 2 ). The mean buoyant density of the microsymbiont population decreased with nodule age until approximately 25 DAP, after which the buoyant density remained unchanged. Fractions taken at the half-heights at any given age sedimented reproducibly to the same density upon recentrifugation. The profiles of CFU, PHB content, acetylene reduction activity, hydroxybutyrate dehydrogenase activity, and malate dehydrogenase activity were symmetrical and coincident with the A630 profile ( Figs. 1 and 2 ). Acetoacetyl-CoA thiolase, acetoacetate-succinyl-CoA transferase, isocitrate dehydrogenase, pyruvate dehydrogenase and fumarase also were coincident with the A630 profile (data not shown). Only the microsymbiont population from very young nodules (12-d plants; Fig. 1 ) showed a slight asymmetry at the high density end of their distribution. A similar asymmetry was observed with early exponential phase, cultured B. japonicum cells and probably resulted from the hyperbolic relationship between buoyant density and PHB content (14) . Cultured B. japonicum in mid-to late-log phase showed a similar accumulation of PHB and buoyant density distribution as the microsymbiont populations obtained from 14 to 27 DAP nodules. Thus, the distribution observed for the microsymbionts appeared typical for a uniform population of B. japonicum cells.
PHB and Protein Content Related to Buoyant Density. When considering the entire microsymbiont population at any given age during nodule development, the PHB content on a cellular basis (A630) increased 1.8-fold between 12 and 27 DAP. Differences in the PHB content between the lightest and heaviest fractions of the microsymbionts, at any particular age, with regard to buoyant density were within + 15% of the mean. However, during nodule development, PHB content on a protein basis increased 10-fold and analysis by linear regression (r2 = 0.92) correlated the increasing PHB/protein ratio with decreasing buoyant density (Fig. 3) . The (Fig. 4) . Whereas a definite correlation between PHB content per mg of protein as a function of buoyant density was obtained, this was not true for the specific activities of malate dehydrogenase and hydroxybutyrate dehydrogenase (Fig. 5) and other enzyme activities measured (data not shown). Enzyme Specific Activity as Related to Buoyant Density. Patterns of enzyme specific activities might be informative in relation to microsymbiont development if a particular metabolic process was associated with a specific subpopulation. Malate dehydrogenase and hydroxybutyrate dehydrogenase were chosen for this type of analysis because of their different developmental profiles (9) . Malate dehydrogenase activity remained unchanged during nodule development, whereas hydroxybutyrate dehydrogenase increased at least 3-fold over the same time period (9) . Ching et al. (3) had reported that the latter activity was 2.5 times greater in the mature bacteroid fraction than in the bacterial fraction. Malate dehydrogenase, on the other hand, might be elevated in the mature bacteroid because organic acids, particularly malate, succinate, and fumarate, caused the greatest increase in acetylene reduction rates when added to isolated suspensions of soybean microsymbionts (2) .
As shown in Figure 5 , two different aspects of microsymbiont development with regard to enzyme specific activity were apparent. First, considering the entire population, the development patterns of hydroxybutyrate dehydrogenase and malate dehydrogenase were similar to those we had reported previously (9); hydroxybutyrate dehydrogenase increased with age, whereas malate dehydrogenase remained constant. Second, no trends in the specific activities of malate dehydrogenase or hydroxybutyrate dehydrogenase within the microsymbiont population, at any given age, were observed as a function of buoyant density. The variation between the specific activity of each fraction was within the standard deviation of the populations' average activity (SD + 7 to 10% at 18 and 19 DAP and within 20% at 12 DAP). At 27 DAP, the variation in activity was less than 10% among fractions between 47 and 50% (w/w) sucrose, which contained over 85% of the population. The overall pattern at 27 DAP reflected the change in protein content (Fig. 4) . The same pattern of uniformity in the specific activities of fumarase, isocitrate de- hydrogenase and pyruvate dehydrogenase was observed (data not shown). When all experiments were considered, no obvious patterns indicative of a subpopulation were observed. Viability of Microsymbionts. Since overall changes in the metabolic processes or the integrity of the microsymbiont cell might be reflected by its plating efficiency, viability of the microsymbiont was measured during nodule development. Subjecting the microsymbiont population to centrifugation in continuous sucrose gradients did not affect plating efficiencies. At 12 DAP, viability increased from 27% to 75% after fractionation. This probably reflected the removal of extraneous plant material from the relatively small microsymbiont mass in the 8000g pellet.
Through the period of maximum acetylene reduction activity, viabilities of all the fractions were similiar and approached 100% (Table I) . These values were in agreement with those reported by others (7, 19 (Figs. 4 and 6 ). These differences occurred during the period when whole nodule acetylene reduction activity was declining (9) .
Acetylene Reduction of Microsymbionts. Two aspects of the development of acetylene reduction of the microsymbiont population were examined. The first was the temporal development of acetylene reduction activity of the entire microsymbiont population (Fig. 6) . We had previously reported that, under our plant growth conditions, the maximum acetylene reduction activity of nodulated root segments appeared around 21 DAP, and the increase in activity between 14 and 21 DAP was generally 3-fold (8, 9) . The subsequent decrease was about 50% by 28 DAP (8, 9) . A similar developmental pattern in acetylene reduction activity, when expressed as microsymbiont concentration (A630), was maintained in the isolated microsymbionts (Fig. 6 ). The acetylene reduction activity increased 5-to 6-fold between 12 and 20 DAP (3 + 0.5 to 18 + 2 nmol C2H4/h * A630), and by 27 DAP the activity had diminished to 33% (6 + 2 nmol C2H4/ h -A630) of the maximum activity (Fig. 6) . With respect to the temporal development of activity of the microsymbionts at a given buoyant density, the same pattern was observed. For example, the activity of microsymbionts collected at 49% (w/w) sucrose increased 5-to 8-fold between 12 and 20 DAP and decreased at older DAP. The same pattern occurred in the microsymbionts collected at heavier densities (Fig. 6) .
The acetylene reduction activity, on a protein basis, of the isolated microsymbionts increased in all microsymbiont fractions and reached maximum activity at 27 DAP. The shift in maximum activity to older microsymbionts reflected the 50% decrease in cellular protein content observed between 19 and 27 DAP (Fig.  4) . Thus, the temporal changes in activity, whether expressed on a cellular or protein basis, were a common property shared throughout the microsymbiont population.
The similarity of the developmental patterns of acetylene reduction activities of (a) nodulated root segments, (b) the microsymbionts obtained from nodule homogenates (8000g pellet), and (c) the microsymbionts obtained after centrifugation through continuous sucrose gradients, indicated that the experimental manipulations did not result in substantial losses of nitrogen fixation capacity. Accurate estimation of actual recoveries of acetylene reduction activity of the microsymbionts during the various steps in the isolation procedures was difficult due to the variable amount of contaminating plant material in the nodule homogenate. The extraneous plant material affected both the A630 and protein measurements.
The second aspect considered was the relationship, at a given age, between the acetylene reduction activity of the microsymbionts and their buoyant density. Based on microsymbiont concentration (A630), the acetylene reduction activity appeared unrelated to the buoyant density of the microsymbionts (Fig. 6) . Differences in activities, at a given age, between fractions collected at various buoyant densities (% sucrose) were less than 20%. The activity of each fraction was within 7% of the populations' mean activity. Likewise, when based on protein, activity differences between fractions, at a given age, were within 25% of the population's mean activity, except at 17 DAP (Fig. 6 ).
The apparent differences at 19 and 34 DAP did not seem indicative of subpopulations with different acetylene reducing activities, because, at 19 DAP, the fraction of lowest activity contained less than 10% of the population and therefore was not considered meaningful. At 34 DAP, the 3-fold difference between the fractions of lightest buoyant densities and those of the heaviest resulted from the 3-fold difference in protein content of the microsymbiont (Fig. 4) . At 17 DAP, acetylene reducing activity doubled on microsymbiont concentration basis (A630) and tripled on a protein basis. This difference was greater than the combined variation (SD + 25%) of the specific activity between light and heavy fractions and could not be explained by experimental variables, since similar quantities of microsymbionts had been collected in each fraction and assays contained equivalent concentrations of cells or protein.
Ching et al. (3) reported an approximately 7-fold difference in acetylene reduction activity between the fractions they defined as mature bacteroids and bacteria. We observed only about a 3-fold difference, and this difference was related to the gradually changing protein concentration rather than an individual subpopulation of definable buoyant density. Because of the differences in the experimental parameters, plant cultivars and Rhizobium inoculum used, direct comparison cannot be made between our results and Ching et al. (3) . The disparity between our studies and those of Ching et al. suggest that the characteristics of the microsymbiont population may depend on the nature of inoculum, strain and cultivar used.
SUMMARY
The evidence presented here did not support the presence of discrete subpopulations of microsymbionts with distinctly different properties during symbiotic development. Symbiotic development of the microsymbiont population in nodules formed on Williams 82 soybeans after inoculation of B. japonicuni 311b-143 or its derivative, 2143, proceeded as a single, uniform population.
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